In the field of polymer processing, disperse phase exhibited better dispersion and distribution performance in elongational field rather than shearing field. This property commonly brought a better functional feature for polymer composites. It could also be applied to Nano-ZnO/IFR synergetic flame retarded polypropylene/ ethylene-propylene-diene monomer composites. An experiment was designed to study the mechanism of improving flame retardant properties. In the experiment, the same formulas of composites were extruded by vane extruder (represents elongational field) and three-screw extruder (represents shearing field). Then Kissinger method and Flynn-Wall-Ozawa method were used to mutually proved )-pre-exponential factor; E (kJ/mol)-activation energy for Kissinger method; R (8.314J/(K·mol))-gas constant; n-reaction order; T p (K)-temperature corresponding to the maximum weightlessness rate; q-char yield; T max (°C)-temperature corresponding to the maximum weightlessness rate (T p = T max + 273.15); V maxmaximum weightlessness rate. r-correlation coefficients for Kissinger method; E o (kJ/mol)-activation energy for Flynn-Wall-Ozawa method.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dime pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenbasis irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De nition A, A * is said to be self-dual whenever there exists an automorphism of the endomorp swaps A and A * . In this case such an automorphism is unique, and called the duality
The literature contains many examples of self-dual Leonard pairs. For instance (i) th ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4, Cor Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair associa module for the Terwilliger algebra of a distance-regular graph that has a spin model in bra (see [1, Theorem] is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
Polypropylene (PP) is considered as one of the five most abundantly produced plastics in the worldwide (1) . The outstanding advantages of tensile property, impact performance, and chemical resistance make PP used broadly in fields like automobile, architecture, food packing, and so on (2). However, its intrinsic flammability severely limits its application (3) . Over the past two decades, the study on intumescent flame retardants (IFRs) have been attracting considerable attention (4) . The IFRs are usually composed of the acid source, carbonization agent, and blowing agent (4, 5) . But, the addition of IFR in PP matrix is around 30 wt% (6) , it means that the IFR is not so efficient. The synergists such as metallic oxide, Boron compounds are used to improve the efficiency of IFR.
As we all known, formula is not the only essential factor to determine the flame retardancy property of flame retarded PP nanocomposites, but the processing method is also assignable during preparation. Researchers always use screw extruders that can produce shearing field to melt blend polymer composites (7). While we use VE, which developed by Qu (8) , to melt blend flame retardant PP nanocomposites by producing elongational field. According to a large number of research reports, elongational field improves the dispersion and distribution effect of additives in polymer matrix better than shearing field (7, 9, 10) . The more homogeneous dispersion performance of additives basically implies better polymeric properties, of which can be reflected from the ameliorative polymeric properties of polymer composites (7) (8) (9) (10) .
Among these polymeric properties, the flame retardancy properties of flame retarded PP nanocomposites are closely related to their pyrolysis (11), thus exploring on their thermal decomposition kinetics, including activation energy and pre-exponential factor, are of great significance (12) . Kissinger method is a method of differentiation. It is very suitable for processing data without the order of thermal degradation, and the solved activation energies represent the average values during the whole degradation phase (13) . Meanwhile, Flynn-Wall-Ozawa method is a method of integration. It is very suitable for processing data of thermal degradation with different types of phases and high degradation degree. The information of activation can be acquired in a wider temperature range, and the average activation calculated directly is very reliable (14) . In the light of such properties, the two methods not only can be applied to analyse the synergistic thermal degradation mechanism of Nano-ZnO with different dispersion condition in IFR/PP composites from different aspects, but also can be mutual verification, to ensure that the conclusions are credible.
In this research, a synergist of Nano-ZnO with an IFR prepared by us were served to improve the flammability efficiency of PP composites (15) . Above all, the same formulas of composites were separately processed by the elongational field (VE) and shearing field (TSE) to define which one possesses higher thermal stability.
Experimental

Materials and devices
The polypropylene (PP-T30S) was obtained from Sinopec Maoming. Co., Ltd. China. The ethylene-propylene-diene monomer (EPDM-2504N) was obtained from Exxon Mobil 
Preparation of flame retardant PP nanocomposites
Firstly, the SCA was weighed and dissolved in an appropriate amount of methanol. The solution of SCA was sprayed onto the surface of IFR and Nano-ZnO, and the mixture was stirred in a high-speed mixer for 30 min.
Then the mixture was placed in a drying oven for 2 h at 100°C. Afterwards, PP, EPDM, IFR, Nano-ZnO, and PE wax in different ratios were extruded using the vane extruder (VE) and three-screw extruder (TSE) separately. To ensure the credibility of the contrast, the rotational speeds of VE and TSE were respectively 7 r/min and 25.5 r/min, so that the yields were the same. The processing temperatures from feeding section to the extrusion section were shown as follows. VE: 160°C, 175°C, 185°C, 185°C; TSE: 160°C, 175°C, 185°C, 185°C, 185°C, 185°C, 185°C, 185°C, 185°C, 185°C. Formulations of the specimens are presented in Table 1 . The IFR contained APP, DPER, and MEL was prepared by us. After extruding, the polymer composite samples were pressed under 15 MPa for 20 min at 185°C
into laminates with suitable thickness and size, and they were kept under the condition of 50% relative humidity and 25°C for at least 48 h before testing.
Thermogravimetric test
All the samples were examined under nitrogen flow in a thermogravimetric analysis apparatus (model 209, Netzsch, Germany), which was used with crucible sample holders, at the heating rate of 5°C/min, 10°C/min, 15°C/min, 20°C/min, separately. Whereas the final temperature was set to be 600°C. All thermal degradation kinetics methods were based on non-isothermal kinetic theory combined with Arrhenius equation (16), the thermal degradation kinetics was expressed as:
Based on Eq. 1 and the thermogravimetric curves, the activation energy E, pre-exponential factor A of the thermal decomposition kinetics were calculated by Kissinger method and Flynn-Wall-Ozawa method (17). Figure 1 and Figure 2 present the TG curves of the flame retardant PP nanocomposites processed via VE and TSE at different heating rates. Combining with data in Table 2 , it was found that with the increasing content of Nano-ZnO, the decomposition temperature at 0.05% weightlessness first rose then fell at a heating rate of 5°C/min; The decomposition temperature at 0.05% weightlessness kept falling at the heating rates of 10°C/min and 15°C/min; While the decomposition temperature at 0.05% weightlessness exhibited a disorder state at a heating with heating rates of 15°C/min and 20°C/min. For TSE, the same situation occurred as well as the decomposition temperature variation at 0.05% weightlessness. The weight loss between 99.9% and 99.95% was so tiny that the tendency wouldn't change.
Results and discussion
Thermogravimetic analysis
In addition, referring to VE, the decomposition temperature at 0.5%, 0.7%, and 5% weightlessness with a heating rate of 5°C/min showed the same tendency, though the temperature gap became smaller and smaller with the increasing content of Nano-ZnO. Then it obeyed a principle of temperature falling continuously with the heating rates of 10°C/min and 15°C/min. The temperatures exhibited irregular mess with the heating rate of 20°C/min. On the other hand, referring to TSE, the decomposition temperature at 0.5%, 0.7%, and 5% weightlessness showed a weak tendency of first rising then falling with a heating rate of 5°C/min. The former two values were very close which owing to the small decomposition amplitude. The tendency altered to first falling then rising with the heating rates of 10°C/min and 15°C/min. Again, the rate of 20°C/min. Among them, the decomposition temperature at 0.05% weightlessness was basically in inversely proportional to the heating rate. Took data from samples that processed by VE for instance, the maximum and minimum temperatures were separately 248.5°C and 155.7°C at the heating rate of 5°C/min, and the maximum and minimum temperatures were separately 140.3°C and 32.3°C at the heating rate of 20°C/min. However, this principle was not applicable for samples which processed by TSE. All the decomposition temperatures at 0.05% weightlessness appeared at a rather low temperature with an average number of 75.9°C except for the five temperatures with a heating rate of 5°C/min. All of them maintained at rather high values which around 240°C, and it seemed that they were not even influenced by the content variation of IFR and Nano-ZnO.
Besides, the decomposition temperature at 0.1% weightlessness for VE presented the same principle, which first rose then fell at the heating rates of 5°C/min and 10°C/min. Afterwards, it went into a mess temperatures exhibited irregular mess with the heating rate of 20°C/min, which was the same phenomenon as the data of VE.
Finally, regardless of the heating rate or content of flame retardant, the decomposition temperatures at 50% weightlessness for VE were nearly the same and showed no obvious rule as well as that for TSE. Such phenomenon reflected that all the decomposition reactions were in an intense stage which mainly dominated by the esterification of IFR (18). According to the results above, the decomposition procedure presented certain rules in VE at 5°C/min, 10°C min, and 15°C/min, meanwhile it presented certain rule in TSE only at 5°C/min. Considering the same formula of flame retardant processed respectively by VE and TSE, the only reason can be confirmed that the different dispersion characteristics which endowed by different devices. In other words, the better dispersion and distribution of Nano-ZnO/IFR particles in PP/EPDM blend by VE (19) , the lower decomposition rate and a longer time to reach the decomposition peak. Figure 3 and Figure 4 present the DTG curves of flame retardant PP nanocomposites processed via VE and TSE at different heating rates. Combing with Table 2 , there were not so much difference with the values of q and T max between VE and TSE. Meanwhile, the value of q declined with the rising of the heating rate, the value of T max was just the opposite. da/dt increased with the rising of the heating rate, namely more heat energy released in unit time, which produced more char layer at the beginning of the esterification, the char layer separated oxygen and heat from the composites and atmosphere to postpone the process of complete combustion (20) . The longer of the ignition time, the higher temperature of the composites at the most intense degradation reaction, and the more exhaustive ignition.
Moreover, the average values of V max for VE were a little lower than that for TSE, which meant that the esterification reaction peaks for VE were milder than that for TSE. It can be inferred that better dispersion and distribution of synergistic flame retardants make a relatively moderate reaction rate.
Thermogravimetic kinetics
Kissinger method
Kissinger method is a method of differentiation. Activation energies E were calculated according to different temperatures which corresponding to peaks of DTG curves at four heating rates (21) . Function equation is expressed as follow:
According to the relationship between T p and β, curve fitting is undertaken. We plotted straight lines based on T ln p 2 β / and 1/T p with gradients of −E/R to calculate the activation energy E, and to obtain the pre-exponential factor A in line with intercept ln(AR/E). All the curves and data are shown in Figure 5 and Table 3 .
In Figure 5 , each straight line is fitted by four data points, the gradient of −E/R and intercept ln(AR/E) are shown in it with exact values. Moreover, in Table 3 , all the correlation coefficients r are very close to 1, especially for VE, which represented high reliabilities of E and A (3).
The activation energy of Lη5/10/15/20 is higher than that of Sη5/10/15/20 by 20.41 kJ/mol, the percentage difference reaches 9.26%. Besides, the activation energy of Lζ5/10/15/20 is higher than that of Sζ5/10/15/20 also by 20.41 kJ/mol, the percentage difference reaches 12.15%. Furthermore, the activation energy of Lγ5/10/15/20 is higher than that of Sγ5/10/15/20 by 99.14 kJ/mol, the percentage difference reaches 62.58%. While the activation energy of Lε5/10/15/20 is less than that of Sε5/10/15/20 by 8.09 kJ/mol, the activation energy of Lδ5/10/15/20 is less than that of Sδ5/10/15/20 only by 6.14 kJ/mol. For most synergistic flame retardants, the best flame retardancy performance appeared when the content of synergist was 1-3 wt% (4, 6, 22) . It can be inferred that more homogeneous samples owned higher thermal stability, namely VE endowed samples with 2, 3, 5 wt% Nano-ZnO better dispersion and distribution effects in processing.
The pre-exponential factor A, which represented the effective collision times among activated molecules, has a positive correlation exponential function relationship with the activation energy E (23). It can also be proved in Table 3 that the tendency of A was the same as E. 
Flynn-Wall-Ozawa method
Flynn-Wall-Ozawa method is a method of integration. Activation energies E o were calculated according to different temperatures which corresponding to the same degree of reactivity a in curves with different heating rates. We used integral transformation and Doyle approximation to change Eq. 1 into Eq. 3, in which, T was separately T 1 , T 2 , T 3 , and T 4 that corresponding to the heating rates of 5°C/min, 10°C/min, 15°C/min, and 20°C/min. The activation energy E o was confirmed by the linear relation between 1gβ and 1/T, there was no need to consider the difference of reaction mechanism (24) .
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All the values of E o were calculated according to the gradients from Figure 6 . It can be seen from Figure 6 that the According to data above, the activation energy of VE first rose then fell with the increasing content of Nano-ZnO when 0.2 ≤ a ≤ 0.4, and it showed a peak with 4 wt% addition of Nano-ZnO. While the activation energy of VE was not only much higher than that above, but also expressed just the opposite when 0.5 ≤ a ≤ 0.8. This was due to the Nano-ZnO might break the C=O bond of DPER and P-N bond between APP and PP at early stage (25) , which destroyed the stability of initial esterification reaction of IFR. However, the increasing concentration of Nano-ZnO started to catalyze the esterification until the addition reached its critical value 4 wt%. Afterwards, the excessive and overweight Nano-ZnO broke the char layer that reduced the reaction rate. The activation energy maintained at a high level when 0.5 ≤ a ≤ 0.8 compared with 0.2 ≤ a ≤ 0.4, and the peak appeared when the addition of Nano-ZnO was 2 wt%. The high level of activation energy was not only ascribed to the polyphosphoric acid, volatile phosphorus oxides, and network polymers with P-N bond, all of which were derived from high temperature decomposed IFR (4,9), but also ascribed to the dehydration, cross-linking, catalytic carbonization by Nano-ZnO, heat, oxygen, and molten drop isolation of char layer (3, 4, 9, 25) . These made polymer molecular chain need more energy during thermal degradation. The totally different high activation energy ranges from Figure 6 proved the analysis above. In addition, the concentration of IFR and Nano-ZnO increased so gradually that the activation energies maintained around 200 kJ/mol except for ones with 4, 5 wt% Nano-ZnO in them. It can be inferred that overweight Nano-ZnO migration to the bottom of char layer because of gravity, which destroyed the integrity and compactness of char layer during its formation.
On the other hand, the activation energy of TSE ( Figure 7 ) declined gradually but maintained at a high level with the increasing content of Nano-ZnO when 0.2 ≤ a ≤ 0.4, it showed a peak with 2 wt% addition of Nano-ZnO. While the activation energy of TSE was much higher than that above, and exhibited the same rule when 0.5 ≤ a ≤ 0.8. This is due to the reason that the dispersion and distribution of Nano-ZnO is not so well as in VE, the esterification of IFR at early stage is not disturbed so much as samples processed via VE. Furthermore, with a good foundation that formed by the synergistic flame retardant, the flame retardant effects that described above reach the most intense stage, which make the polymer molecular chains need more activation energy to break. The activation energies of samples that processed via TSE fluctuated much more than samples processed via VE. The reason may due to the heterogeneous of Nano-ZnO/IFR particles in the matrix.
Conclusions
Based on TG and DTG data with four different heating rates, Kissinger method and Flynn-Wall-Ozawa method were used not only to analyze the synergistic flame retardancy mechanism of Nano-ZnO and IFR in PP/EPDM matrix, but also to compare the effects of elongational field and shearing field applied on samples with five identical formulas.
As for Kissinger method, it indicated that the activation energy declined obviously with the increasing content of Nano-ZnO, and 2-3 wt% Nano-ZnO with IFR exhibited the best thermal stability during intense decomposition phase. Referring to Flynn-Wall-Ozawa method, it basically proved the conclusion of Kissinger method. Moreover, it also proved that the thermal degradation of Nano-ZnO/IFR should be divided into initial phase and intense phase. While the Nano-ZnO played a catalytic role mainly in the initial phase.
Both two methods proved that the thermal stability was higher, and the decomposition process was more orderly for samples processed via VE. It should be attributed to the elongational field of VE, which produced a better dispersion and distribution condition of the synergistic flame retardant.
